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The responses to tropical cyclones of ocean wave characteristics in deep water of the
western Atlantic Ocean have been investigated extensively, but not the regional seas
in the western Pacific such as the South China Sea (SCS), due to a lack of observa-
tional and modeling studies there. Since monsoon winds prevail in the SCS but not in
the western Atlantic Ocean, the SCS is unique for investigating wave characteristics
during a typhoon’s passage in conjunction with steady monsoon wind forcing. To do
so, the Wavewatch-III (WW3) is used to study the response of the SCS to Typhoon
Muifa (2004), which passed over not only deep water but also the shallow shelf of the
SCS. The WW3 model is forced by the NASA QuikSCAT winds and tropical cyclone
wind profile model during Typhoon Muifa’s passage from 0000UTC 16 on November
to 1200UTC on 25 November 2004. The results reveal the unique features of the SCS
wave characteristics in response to Muifa, such as non-decaying, monsoon-generated
swell throughout the typhoon period and strong topographic effects on the direc-
tional wave spectrum.
NASA scanning radar altimeter (Walsh et al., 1989;
Wright et al., 2001). Hwang and Wang (2001) computed
the directional wave spectra from the ocean surface fluc-
tuation.
The ocean wave response identified in open oceans
without monsoon winds is a significant right-forward-
quadrant bias in the significant wave height. During the
passage of Hurricane Bonnie (1998) in the Atlantic Ocean,
both observational (Wright et al., 2001) and modeling
(Moon et al., 2003) studies show that the significant wave
height reaches 14 m. The maximum wave heights appear
in the right forward quadrant of the hurricane center and
propagate in the same direction as the hurricane. Moon
et al. (2003) simulated the wave characteristics success-
fully using the wave model Wavewatch-III (hereafter re-
ferred to as WW3) and found that the hurricane-gener-
ated wave field is mostly determined by two factors: the
distance from the hurricane center or radius of maximum
winds (RMW, represented by Rmax) and hurricane trans-
lation speed. For the case of a hurricane with low transla-
tion speed, the dominant wave direction is mainly deter-
mined by the distance from the hurricane center.
However, wave characteristics have not been well
identified in regional seas with complex topography and
monsoon winds, such as the South China Sea (SCS). The
SCS is a semi-enclosed tropical sea located between the
1.  Introduction
A moving tropical cyclone is an intense source of
surface wind stress that causes many significant changes
in the ocean wave characteristics, such as significant wave
height, directional wave spectra, and wave propagation.
These features have been well identified in open oceans
such as the western Atlantic without monsoon winds (e.g.,
Moon et al., 2003). A hurricane, with intense rapidly vary-
ing winds, produces a severe, complex ocean wave field
that can propagate for thousands of kilometers away from
the storm center, resulting in dramatic variation of the
wave field in space and time (Barber and Ursell, 1948).
To investigate the wave characteristics, the directional
spectra of hurricane-generated waves were measured us-
ing variety of instruments. For example, the fetch effect
was detected in the Celtic Sea using high-frequency ra-
dar (Holden and Wyatt, 1992). The wave characteristics
were obtained for the northeast Pacific during passage of
the storm using the synthetic aperture radar image from
the ERS-1 satellite (Holt et al., 1998). The spatial wave
variations of hurricane directional wave spectra were iden-
tified for both open ocean and landfall cases using the
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Asian land mass to the north and west, the Philippine Is-
lands to the east, Borneo to the southeast, and Indonesia
to the south (Fig. 1), covering a total area of 3.5 × 106
km2. It includes the shallow Gulf of Thailand and con-
nections to the East China Sea (through the Taiwan Strait),
the Pacific Ocean (through the Luzon Strait), the Sulu
Sea, the Java Sea (through the Gasper and Karimata
Straits) and the Indian Ocean (through the Strait of Ma-
lacca). All of these straits are shallow except the Luzon
Strait, the maximum depth of which is 1800 m. The com-
plex topography includes the broad shallows of the Sunda
Shelf in the south/southwest; the continental shelf of the
Asian landmass in the north, extending from the Gulf of
Tonkin to the Taiwan Strait; a deep, elliptically shaped
basin in the center; and numerous reef islands and under-
water plateaus scattered throughout. The shelf, which
extends from the Gulf of Tonkin to the Taiwan Strait, is
consistently nearly 70 m deep and averages 150 km in
width; the central deep basin is 1900 km along its major
axis (northeast-southwest) and approximately 1100 km
along its minor axis, and extends to over 4000 m deep.
The Sunda Shelf is the submerged connection between
southeastern Asia, Malaysia, Sumatra, Java, and Borneo
and reaches 100 m depth in the middle; the center of the
Gulf of Thailand is about 70 m deep. Furthermore, the
SCS is subjected to a seasonal monsoon system (Chu et
al., 1999, 2000a, 2000b). From April to August, the
weaker southwesterly summer monsoon winds result in a
wind stress about 0.1 N m–2. From November to March,
the stronger northeasterly winter monsoon winds corre-
spond to a maximum wind stress of 0.3 N m–2. The tran-
sition periods are marked by highly variable winds and
surface currents. Thus, the SCS is a perfect location for
studying wave characteristics in regional seas with com-
plex topography and monsoon winds. Another benefit of
doing so is that the WW3 has been implemented and veri-
fied for the SCS using TOPEX/POSEIDON (T/P) satel-
lite data (Chu et al., 2004).
The major goal of this paper is to detect the unique
feature of wave conditions during typhoon passage in the
SCS because of the unique topographical configuration
and the existence of monsoon winds. More specifically,
we study the SCS responses to Typhoon (TY) Muifa
(2004) using WW3. The outline of the paper is as fol-
lows. Section 2 describes movement of TY Muifa 2004
over the SCS. Section 3 delineates the establishment of
the wind data using the NASA QuikSCAT Level 3 data
and the tropical cyclone wind profile model (TCWPM).
Section 4 depicts the WW3 model. Section 5 describes
the wave characteristics including significant wave height
and directional wave spectra. Section 6 shows the effects
of typhoon translation speed, intensity, monsoon winds,
and topography on the wave characteristics, and Section
7 gives the conclusions.





























































Fig. 1.  Geography of the South China Sea.
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2.  Typhoon Muifa 2004
TY Muifa is one of the four tropical cyclones to pass
by the SCS in 2004. It was formed on 14 November (ac-
cording to the best track data) and weakened over land
on 26 November. The track passage of TY Muifa (Fig. 2)
and record (Table 1) were provided by the Joint Typhoon
Warning Center (JTWC, 2005). The translation speed of
TY Muifa is calculated from the distance between typhoon
center positions reported by JTWC.
2.1  Formation over the western Pacific
TY Muifa was first generated as a tropical depres-
sion on 14 November 2004 in the Western North Pacific
Ocean. It  moved westward at first  and turned
northwestward, passing north of Palau before entering the
Philippine Sea. The disturbance was first mentioned by
JTWC at 1600UTC 13 November, approximately 400 km
north of Palau. The depression was developed into a tropi-
cal storm at 1400UTC on 14 November. According to its
strength, the Japan Meteorological Agency first named it
Muifa. However, the Philippine Atmospheric, Geophysi-
cal, and Astronomical Services Administration assigned
the name Unding at 0000UTC 14 November, after the
tropical cyclone had invaded their area of responsibility.
Muifa was steadily upgraded as it moved west-
northwestward to the Philippines. It began the clockwise
loop at 1200UTC 17 November and continued for sev-
eral days. On 18 November, the intensity of TY Muifa
reached the maximum wind speed at 59.2 m/s at
1200UTC, and then a remarkable weakening phase be-
gan.
2.2  Entering the SCS
TY Muifa was weakened to 54 m/s at 0000UTC 19
November and slowly headed towards the southwest. It
moved slowly south-southwestward across Luzon and
entered the SCS. Its intensity was further weakened to
30.9 m/s and downgraded to a tropical storm (TS) at
1200UTC 20 November.
At 0000UTC 21 November, TS Muifa was re-inten-
sified to 33.4 m/s and upgraded back to a typhoon. Fur-
ther strengthening occurred as TY Muifa went west-south-
westwards across the warm waters of the SCS. The in-
tensity of TY Muifa reached the second peak of 46.3 m/s
at 1800UTC at (11.6°N, 114.4°E), approximately 800 km
east of Vietnam. TY Muifa continued its journey to Viet-
nam from 22 to 23 November and was weakened again.
The maximum wind speed was further decreased to 23.2
m/s at 1200UTC 24 November.
2.3  Weakening
Muifa was weakened to 15.4 m/s and downgraded to
tropical depression status at 1200UTC 25 November. At
0000UTC 26 November Muifa turned northward into an
environment of increased wind shear and as the intensity
had fallen to 12.9 m/s, JTWC issued the final warning on
TC Muifa. The final position was 250 km south-south-
west of Bangkok, Thailand.
2.4  Typical locations along the typhoon track
The translation velocity, low pressure, intensity, and
bathymetry vary along the track of the TY Muifa passage
(Fig. 3). Four locations along the TY passage have been
selected (Fig. 2) to investigate the effect of bottom to-
pography and intensity and translation speed of TY Muifa
on the wave characteristics: L-I (arriving SCS), L-II
(strengthening and slowing), L-III (weakening), and L-
IV (shelf breaking).
The TY Muifa center was located at L-I (11.9°N,
117.2°E) at 0000UTC on November 21 just after it en-
tered the SCS 24 hr earlier. The typhoon translation speed
slightly decreased to 5.8 m/s. The typhoon low pressure
was 976 hPa with a maximum wind speed of 33.4 m/s.
The estimated RMW is 24.4 km.
The TY Muifa center was located at L-II (11.6°N,
114.4°E) at 1800UTC on 21 November when it reached
the strongest intensity (i.e., the lowest center pressure,
954 hPa). The maximum wind speed was 46.3 m/s, and
Fig. 2.  Track of TY Muifa during 16–25 November 2004. Here,
the numbers indicate the dates of the month and solid dots
denote 0000 GMT of the corresponding dates: (I) Novem-
ber 21, (II) November 22, (III) November 23, and
(IV) November 24. Dotted lines indicate the water depths
of 100 m (near shore) and 2000 m (deep water).
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RMW was 14.0 km. The typhoon translation speed slowed
down to 4.2 m/s.
The TY Muifa center was located at L-III (10.5°N,
112.1°E) at 0000UTC on 23 November when it had the
same intensity as at L-I. The translation speed is notably
slower at L-III (2.9 m/s) than at L-I (5.8 m/s). The radius
of maximum wind is slightly larger at L-III (RMW = 28.6
km) than at L-I (RMW = 24.4 km). Other conditions are
the same at L-III (minimum pressure: 976 hPa, maximum
wind speed: 33.4 m/s) as at L-I. L-III represents the ty-
phoon weakening period. Comparison of wave charac-
teristics between L-I and L-III shows the effect of the
translation speed.























11/16/2004 00:00 14.5 125.7 TS 994 20.6 148   54.8 89.3 630
11/16/2004 06:00 14.5 124.9 TS 3.99 991 23.1 183   54.2 88.9 680
11/16/2004 12:00 14.5 124.2 TS 3.99 984 28.3 183 56  43.2 71.8 678
11/16/2004 18:00 14.4 123.6 TS 3.49 984 28.3 174 56  32.6 54.8 666
11/17/2004 00:00 14.6 123.6 TS 3.04 980 30.9 219 70  36.6 61.5 725
11/17/2004 06:00 14.8 123.6 TY 1.03 976 33.4 213 74 28 18.9 32.2 623
11/17/2004 12:00 15.2 123.8 TY 1.03 967 38.6 213 74 28 23.8 40.5 725
11/17/2004 18:00 15.5 123.8 TY 2.29 954 46.3 174 74 46 10.4 17.9 638
11/18/2004 00:00 15.7 123.8 TY 1.54 938 54 156 65 46 8.1 14.0 655
11/18/2004 06:00 15.9 123.9 TY 1.03 927 59.2 167 65 46 8.1 14.0 693
11/18/2004 12:00 15.9 124.2 TY 1.14 927 59.2 170 70 46 8.1 14.0 693
11/18/2004 18:00 15.7 124.4 TY 1.49 938 54 133 59 41 8.1 14.0 655
11/19/2004 00:00 15.2 124.2 TY 1.43 938 54 109 59 41 8.1 14.0 670
11/19/2004 06:00 14.7 124.1 TY 2.76 954 46.3 139 59 41 8.1 14.0 615
11/19/2004 12:00 14.2 123.7 TY 2.62 958 43.7 144 59 41 9.3 16.0 631
11/19/2004 18:00 13.7 122.8 TY 3.26 963 41.2 131 56 37 9.8 16.9 629
11/20/2004 00:00 12.8 121.6 TY 5.18 967 38.6 137 56 37 10.6 18.2 661
11/20/2004 06:00 12.5 120.3 TY 7.59 976 33.4 137 56  15.7 26.9 663
11/20/2004 12:00 12.3 119.3 TS 6.71 980 30.9 115 56  16.8 28.7 646
11/20/2004 18:00 12.2 118.3 TY 5.13 976 33.4 115 56  13.7 23.5 648
11/21/2004 00:00 11.9 117.2 TY 5.06 976 33.4 128 56  14.2 24.4 667
11/21/2004 06:00 11.9 116.1 TY 5.75 972 36 152 56 28 14.7 25.2 710
11/21/2004 12:00 11.8 115.2 TY 5.54 963 41.2 152 65 37 10.6 18.3 714
11/21/2004 18:00 11.6 114.4 TY 4.56 954 46.3 152 65 37 8.1 14.0 725
11/22/2004 00:00 11.4 113.6 TY 4.16 958 43.7 152 65 37 9.1 15.7 729
11/22/2004 06:00 11.1 113.1 TY 4.16 958 43.7 126 59 33 8.1 14.0 718
11/22/2004 12:00 10.8 112.6 TY 2.96 967 38.6 120 52 33 10.4 17.9 721
11/22/2004 18:00 10.5 112.1 TY 2.96 976 33.4 120 52 33 16.7 28.6 763
11/23/2004 00:00 10.1 111.7 TY 2.96 976 33.4 120 52  12.8 22.0 726
11/23/2004 06:00 9.9 111.1 TY 2.89 976 33.4 111 56  11.7 20.1 716
11/23/2004 12:00 9.6 110.6 TS 3.21 980 30.9 109 48  14.3 24.6 733
11/23/2004 18:00 9.3 110.2 TS 2.97 984 28.3 107 44  16.7 28.6 738
11/24/2004 00:00 9.1 109.7 TS 2.55 984 28.3 107 44  16.7 28.6 749
11/24/2004 06:00 8.8 108.8 TS 2.74 987 25.7 120 52  23.7 40.4 795
11/24/2004 12:00 8.5 107.4 TS 4.83 994 20.6 102   33.7 56.9 775
11/24/2004 18:00 8.3 105.7 TS 7.29 994 20.6 93   30.4 51.5 763
11/25/2004 00:00 8.7 103.6 TS 8.72 994 20.6 93   30.5 51.6 739
11/25/2004 06:00 8.7 101.7 TS 10.9 997 18 96   47.3 78.8 772
Table 1.  Best track record and estimated radius parameters (RS, Rmax, R0) of TY Muifa (2004) during 0000UTC 16 November to
0600UTC 25 November 2004 (from JTWC, 2005). Here (R18, R26, R33) are the radii of wind speed of (18, 36, 33) m/s, and
Rmax the radius of maximum wind speed.
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108.8°E) at 0600UTC on 24 November where TY Muifa
(8.8°N, 108.8°E) was close to the Asian landmass. At this
time, the translation speed increases to 4.8 m/s. The wa-
ter depth is about 116 m. The low pressure is 987 hPa,
the maximum wind speed was 25.7 m/s with RMW of
40.4 km. The typhoon intensity is much weaker at L-IV
than at L-II.
3.  Typhoon Winds
In-situ measurements are difficult to conduct during
the typhoon seasons. Remotely sensed data are generally
used. The NASA QuikSCAT Level 3 data (0.25° × 0.25°
resolution) were downloaded during the period of TY
Muifa (2004). The evolution of QuikSCAT wind fields
from 17 November to 25 November (Fig. 4) clearly shows
that the typhoon strength agrees closely with the progress
of TY Muifa into the SCS, but the structure of tropical
cyclone winds is not well presented due to both the tem-
poral limitation of a satellite pass and the inaccuracy of
scatterometer data at high wind speeds.
Due to the spatial coverage, the strong rotational
motion from TY Muifa may not be represented in the
QuikSCAT data (Fig. 4). To overcome this deficiency, a
Tropical Cyclone Wind Profile Model (TCWPM) (Carr
and Elsberry, 1997) was used to produce the high resolu-
tion gridded surface wind field for TY Muifa.
3.1  Tropical cyclone wind profile model
A tropical cyclone wind profile model (TCWPM)
(Carr and Elsberry, 1997) was used to establish a high-
resolution surface wind field for TY Muifa 2004. Let (RS,
R0) be the radius of scale, and radius of zero tangential
velocity inside a tropical cyclone. Based on the angular
momentum balance, Carr and Elsberry (1997) proposed
a model to compute the wind vector relative to the center







u r v rc
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where r is the horizontal distance to the storm center; (uc,
vc) are the radial and tangential velocity components; γ is
the inflow angle of the wind as it spirals into the center
of the cyclone; a is a scaling factor (a = r/RS) that makes
vc(r) continuous at the center of the tropical cyclone. The
inflow angle (γ) is defined as the angle between the ty-
phoon wind vector (relative to the center) and the tan-
gential direction. This angle is caused by the surface fric-
tion and is determined from surface weather maps or sat-
ellite images. X is a positive constant less than 1. Consid-
ering the beta effect propagation, Carr and Elsberry (1997)
proposed a value of X = 0.4.
To prevent a large discontinuity at the periphery of
the storm, however, the environmental wind field (Ven) is
blended into the tropical storm wind field. Let Vc = (vc,
uc) be the wind vector relative to the TY center and Vt be
the translation velocity. Adjustments were made near the
storm’s periphery to smooth the transition between the
background and storm wind fields. This was done by tak-
ing a weighted average inside and outside of the tropical
cyclone,
V V V V= −( ) +( ) + ( )1 2ε εc t en ,











3,    
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.
The effects of these adjustments are to gradually increase
the weighting on the storm wind and decrease the weight-
ing on the environmental winds as the radial distance to
Fig. 3.  Several parameters along the passage of TY Muifa
(2004): (a) translation speed, (b) lowest pressure, (c) maxi-
mum wind speed, and (d) the water depth. Four lines indi-
cate designated locations of typhoon centers.
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the storm center decreases. Both effects provide for a
smoother transition between the storm wind field and the
environmental wind field.
3.2  Determination of model parameters
In TCWPM, as described in (1), the tangential wind
depends on (r, RS, R0). Carr and Elsberry (1997) deter-
mine R0 from the satellite image according to the size of
overall convective and outflow cloud pattern of the TC.
On the other hand, Chu et al. (2000b) fixed the values of
radii for the entire typhoon passage. Since there is no sat-
ellite image available during TY Muifa passage in the
SCS, the values of radii of TY Muifa are determined us-
ing the data from Table 1. Near the typhoon center, the
winds reported by JTWC can be approximately taken as
the tangential winds. Let tangential winds at (r1, r2, ...,
rk) be (v1, v2, ..., vk). Equation (1) gives a set of nonlinear
algebraic equations
  
v r R R v
v r R R v

















Fig. 4.  Daily QuikSCAT wind vector fields on 17–25 November 2004.
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where (r1, r2, ..., rk) and (v1, v2, ..., vk) are given. Since
Eq. (4) is a set of nonlinear algebraic equations, there are
usually no analytical solutions for (RS, R0). An iteration
scheme is used to determine the values of (RS, R0). This
scheme starts with a set of first-guess values of (RS(0),




020 1000( ) ( )= = km   km.,   
Substituting these values into (1), we obtain 0-th order
calculated tangential winds (v1(0), v2(0), ..., vk(0)). The root-
mean-square (RMS) error for mismatch between (v1, v2,
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where n = 0. We expect RMS(0) to be large.
Second, we use the iteration method to obtain opti-
mal (RS, R0) with an incremental adjustment (∆RS = 0.1
km, ∆R0 = 1 km) at each step. From the n-th order (n
starting from 0, the first-guess) set, (RS(0), R0(0)), we have
eight (32–1) different combinations of the adjustment,
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among which we pick a set with minimum RMS error as
the (n + 1)-th order set of (RS(n+1), R0(n+1)). We repeat this
procedure until the minimum RMS error is achieved. At
each iteration, RMS(n) is compared to a user specified
criterion Ec. If RMS(n) < Ec, we terminate the iteration
and obtain an optimal set of (RS, R0). If RMS(n) > Ec, we
continue the iteration. In this study, Ec is set to 2 m/s.
The estimated temporally varying (RS, R0) values are
shown in Table 1. For example, (RS, R0) are (23.7 km,
795 km) at 0600UTC 24 November.
3.3  Environmental winds
Usually the environmental wind vectors (Ven) (in (2))
change with time on synoptic scales. In this paper we
study the effect of the Typhoon’s passage on the surface
wave characteristics by comparison between two
simulations, one using Ven and the other using V. The dif-
ference between the two simulations shows the Typhoon
effect, and therefore for simplicity the environmental wind
vector term (Ven) in (2) is taken as the temporally aver-
aged QuikSCAT Level 3 winds from both ascending and
descending passes during 16–25 November 2004 (Fig. 5).
The winds blow from northeast to southwest with a spa-
tial average of about 7.8 m/s. This represents the domi-
nant winter monsoon during the period of TY Muifa’s
passage in the SCS.
3.4  QuikSCAT-TCWPM winds
With the temporally mean QuikSCAT wind data as
Ven, the total wind field is computed from 0000UTC on
16 November to 0600UTC on 25 November for (0°–25°N,
105°E–122°E) using Eqs. (1) and (2) on a 1/4° × 1/4°
grid with a time interval of 6 hr. Such a wind field is
referred to as the QuikSCAT-TCWPM (QTCWPM) winds.
The daily evolution of the QTCWPM winds (Fig. 6) shows
that the wind speed increases as TY Muifa enters the SCS,
and decreases as Muifa approaches the land. The
QTCWPM maximum wind speed is comparable to the
maximum wind speed reported in the best track record
(46.3 m/s).
Surface winds greatly affect the wave characteris-
tics. The QTCWPM winds (model-data combination)
should be verified by observation. Unfortunately, there
were no in-situ measurements of surface winds in the SCS
during TY Muifa’s passage. We compared the QTCWPM
Fig. 5.  Temporal mean QuikSCAT wind vector field from
0000UTC on 16 November to 0600UTC on 25 November
2004.
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wind vectors (Fig. 6) to the QuikSCAT (Fig. 4) and the
National Centers for Environmental Prediction (NCEP)
surface wind vectors (Fig. 7). Obviously, TY Muifa was
well represented by the QTCWPM winds thanks to the
use of the JTWC data (Table 1), but not well represented
by the QuikSCAT winds due to gaps in the satellite tracks,
nor by the NCEP winds due to the deviation of TY Muifa
from the typhoon track. To further evaluate the QTCWPM
winds, we compute the RMS differences between the
QTCWPM and QuikSCAT winds (3.2 m/s) and between
the QTCWPM and NCEP winds (3.4 m/s). During TY
Muifa’s passage in the SCS, the averaged wind speed is
around 35 m/s. Differences of this magnitude are not sig-
nificant.
4.  WW3 Model
4.1  Description
Spectral wave models usually predict the wave spec-
trum F, which is a function of phase parameters (i.e., wave
number k, direction θ, intrinsic frequency σ, and abso-
lute frequency ω), space (x), and time (t),
F F t= ( ) ( )k x, , , ; , .θ σ ω 5
Fig. 6.  Daily wind vector fields on 17–25 November 2004 from QTCWPM.
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The linear wave theory (locally) gives the follow disper-
sion relation,
σ ω σ2 6= = + ( )gk kdtanh ,    • ,k U
where d is the mean water depth and U is the (depth- and
time-averaged) current velocity. When the current veloc-
ity vanishes, only two phase parameters among (σ, k, θ)
are independent.
Without the ocean currents, the energy of a wave
package is conserved. With the ocean currents the energy
of a spectral component is no longer conserved (Longuet-
Higgins and Stewart, 1961), but the wave action spec-
trum,
N t F tk x k x, , , , , , ,θ θ σ( ) ≡ ( )
is conserved (Whitham, 1965; Bretherthon and Garrett,
1968), and therefore WW3 uses the balance equation for
the wave action spectrum (N) with the wavenumber-di-
rection (k, θ) as the independent phase variables (Tolman,
1999).
In this study, the ultimate quickest propagation
scheme is selected with the dispersion correction taken
Fig. 7.  Daily wind vector fields on 17–25 November 2004 from NCEP.
10 P. C. Chu and K.-F. Cheng
from Booij and Holthuijsen (1987); nonlinear interactions
are included; and the source term parameterization fol-
lows Tolman and Chalikov (1996), Wittmann and Farra
(1997), Tolman et al. (2002), and Chu and Cheng (2007),
consisting of four parts: wind input, nonlinear wave-wave
interaction, dissipation, and wave-bottom interaction. The
output of WW3 consists of the traditional frequency-di-
rection spectrum F(σ, θ), which is calculated from F(k,
θ) using Jacobean transformations.
4.2  Discretization
Following NCEP’s operational wave prediction in the
western North Atlantic Ocean during Hurricane Isabel
(Tolman et al., 2005), a regularly spaced longitude-lati-
tude grid with spacing 0.25° is used. This is also due to
the comparable resolution (0.25°) in the QuikSCAT winds,
which is much coarser in the JTWC data (see Table 1).
For a moving hurricane with a translation speed of 7 m/s,
the typhoon already moved 150 km after 6 hr. This hori-
zontal resolution may be too coarse to resolve typhoon-
generated wave fields since the minimum RMW can reach
14 km. With the enhancement of horizontal resolution in
surface wind observation, higher resolution should be
used in the wave simulation.
Four time steps are used in WW3 to achieve compu-
tational efficiency: (a) global time step (300 s) for the
propagation of the entire solution, (b) spatial time step
(300 s) representing the spatial propagation, (c) spectral
time step (300 s) for intra-spectral propagation, and
(d) source time step (100 s) for the source term integra-
tion.
The wavenumber grid spacing is determined by the
frequency intervals (total 25)
  σ σσm mX m+ = = ( )1 0 1 24 7,    , , , ,K
with
Xσ σ= = ( )1 1 0 0418 80. ,    . .
The grid spacing of wave direction is 15° (i.e., ∆θ = 15°).
4.3  Model integration and verification
As a typhoon passes by, wind speed and direction
changed rapidly. The typhoon-generated waves can propa-
gate across the SCS further than 1000 km. Along the wave
propagation direction, obstructions provided by coastline
and small islands generate the wave shadow zones. This
feature implies that the SCS, which is a semi-close mar-
ginal sea, can be considered as a wave system that is in-
dependent of nearby oceans, except for the energy trans-
form through the Luzon Strait, the depth of which reaches
1800 m. The Sulu Sea, which separated by the Palawan
Island, can be seen as a different wave system from the
SCS. Thus, the model is implemented for SCS (0°–25°N,
105°–122°E) using realistic bathymetry data from the
Naval Oceanographic Office DBDB5 database (5′ × 5′
resolution).  The JONSWAP-type spectral
parameterizations are used at the open boundaries.
Since TY Muifa was generated east of the SCS on
16 November, entered the SCS on 19 November 2004,
and moved out of SCS on 25 November, we integrate the
WW3-SCS from 0000UTC 16 November to 1200UTC 25
November (3 days earlier than the typhoon’s entry time)
with the QTCWPM winds V (Fig. 6), which is linearly
interpolated into the source time step (100 s). The model
output of the first three days (16–18 November) may not
be realistic and will not be analyzed further. In modeling,








 ( )22 9
2 1 3/
,
where V = |V|; g is the gravitational acceleration; and F
is the fetch.
Due to lack of direct-measurement platforms, such
as vessels or buoys, during typhoon seasons in the SCS,
the T/P significant wave height (HS) data are used for
model verification. Fourteen passes across the SCS area
(001, 012, 038, 051, 064, 077, 088, 114, 127, 140, 153,
164, 216, and 229) (from 11 November 2004 to 01 De-
cember) are available during the TY Muifa-2004 passage.
These passes have a total of 25 crossover points (Fig. 8).
Similar to Chu et al. (2004) and Tolman et al. (2005), the
Fig. 8.  TOPEX/Poseidon crossover points in the SCS.
South China Sea Wave Characteristics during Typhoon Muifa Passage in Winter 2004 11
comparison was conducted along the passages and crosso-
ver points. The same wave (WW3) and wind (QTCWPM)
models with QuikSCAT winds were used to simulate the
wave characteristics during TY Muifa’s passage from
0000UTC on 16 November to 0600UTC on 25 Novem-
ber 2004 (this study) and TY Rumbia from 0000UTC on
2 December to 0600UTC on 9 December 2000 (Chu et
al., 2004). The two tropical storms (Muifa-2004 and
Rumbia-2000) had very similar tracks. Since the model-
generated HS fields compared well to the satellite observed
HS fields along several T/P tracks (figure 14 in Chu et
al., 2004), we only show the comparison on the 25 crosso-
ver points for illustration. Tolman et al. (2005) also dem-
onstrated the capability of WW3 in simulating wave char-
acteristics in the western North Atlantic Ocean with hur-
ricane Isabel 2003.
Figure 9 shows the comparison of HS between WW3
result and T/P observation with a total of 38 data pairs.
The clustering of points is approximately located around
the equal line. The histogram of the differences between
model and observation shows a Gaussian-type distribu-
tion. Examining the statistics, the bias of the two datasets
is 0.137 m with a root mean square error of 0.308 m and
correlation coefficient 0.895. The statistics suggests that
the numerical wave simulation using WW3 during the
period of TY Muifa is reasonably good.
5.  Wave Characteristics
5.1  Significant wave height
Figure 10 shows the daily evolution of HS in the SCS
during the passage of TY Muifa. Here, the upper panels
represent the spin-up period (Figs. 10(a) and (b)) (the HS
field might not be realistic during the spin-up period) and
the period before TY Muifa entered the SCS (Fig. 10(c));
the middle panels (Figs. 10(d)–(f)) represent the period
during TY Muifa’s passage through the SCS; and the
lower panels (Figs. 10(g)–(i)) represent the period after
TY moved out from the SCS. Compared to the evolution
of QTCWPM wind field (Fig. 6), a close correlation is
found between HS and the typhoon winds. High HS val-
ues with high wind speed and high waves appear to the
right of the typhoon’s passage. The maximum HS (16 m)
occurs as TY Muifa reaches its lowest pressure in the SCS
on 21 November.
Comparing Figs. 10(e) and (f) with Fig. 10(c) shows
the difference between monsoon-generated (or environ-
mental wind-generated) and typhoon-generated waves.
The monsoon-generated wave field is mainly determined
by the fetch (compare Figs. 6(c) and 10(c)), while the
typhoon-generated wave field is mostly determined by
two factors: the distance from the typhoon center (or the
radius of maximum wind) and typhoon translation speed
(compare Figs. 6(e)–(h) and 10(e)–(h)). TY Muifa’s trans-
lation speed is much slower than 10 m/s in the SCS (Fig.
3(a)). It is smaller than the group velocity of high waves.
The dominant wave direction is mainly determined by
the distance from the typhoon center and therefore the
high center of significant wave height is near the typhoon
center (compare Figs. 6(f)–(h) and 10(f)–(h)). As TY
Muifa moved out of the SCS on November 24–25 (Figs.
6(h) and (i)), high HS occurs west of Luzon (Figs. 10(h)
and (i)). This is the swell generated by the (northeast)
monsoon-winds.
During TY Muifa’s passage from 17 to 25 Novem-
ber, the maximum values of the QTCWPM wind speed
(a) (b)
Fig. 9.  Comparison of significant wave height between model (WW3) simulated and observed (TOPEX/POSEIDON) at all
crossover points during the passage of TY Muifa (2004): (a) scatter diagram, and (b) histogram distribution of difference
between modeled and observed values.
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Fig. 10.  Daily evolution of HS in the SCS during the passage of TY Muifa (2004).
Fig. 11.  Horizontal distributions during passage of TY Muifa (2004): (a) maximum QTCWPM wind speeds, and (b) maximum HS
calculated using WW3.
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and WW3 generated HS are determined at each grid point
(Fig. 11). The core of the maximum wind speed and HS
are asymmetric in width and in magnitude along the track
of TY Muifa with higher wind speed and HS on the right
side of the track than the left side. Figure 12 shows 6-hr
evolution of HS at the typhoon center for all four loca-
tions (L-I to L-IV). The highest HS is located outside
RMW from the typhoon center in the right backward quad-
rant, six hours before the typhoon’s arrival (Fig. 12(a)),
in the right forward quadrant as the typhoon arrived (Fig.
Fig. 12.  Six-hour evolutions of HS at four locations: (a) before typhoon’s arrival (left column), (b) typhoon’s right on (central
column), and (c) after typhoon’s departure (right column). Translation directions are rotated to the vertical axis.
14 P. C. Chu and K.-F. Cheng
12(b)) with a maximum HS of 16 m, and in the right front
quadrant (far away from the center) six hours after the
typhoon’s departure (Fig. 12(c)). The typhoon rapidly
increases its translation speed after departure from the
location L-IV (Fig. 3(a)), the highest HS is furthest from
the center among the four locations (Fig. 12(c)). Note that
the calculated spectra contain the swell due to environ-
mental winds (northeastern monsoon winds), and this
makes the spectral shape complicated.
To investigate the effect of typhoon translation speed,
the HS fields have been rotated with the typhoon transla-
tion axis pointing upwards. L-I and L-III have compara-
ble typhoon intensities (~33 m/s), water depths deeper
than 600 m, but very different typhoon translation speeds
(5.8 m/s at L-I and 2.9 m/s at L-III). Comparison of the
HS fields between L-I and L-III shows the effect of ty-
phoon translation speed on HS field. The maximum HS is
stronger and nearer to the typhoon center with lower trans-
lation speed (2.9 m/s at L-III) than with higher transla-
tion speed (5.8 m/s at L-I). L-II and L-IV have compara-
ble typhoon translation speeds (4.2 and 4.8 m/s), but very
different typhoon intensities. Comparison between L-II
and L-IV shows the effect of the typhoon intensity on HS
field. The typhoon intensity does not change the spatial
pattern of HS field but reduces the maximum HS from 16
m with intensity 46 m/s at L-II to 10 m with intensity 26
m/s at L-IV.
TY Muifa reached its highest intensity at L-II
(11.6°N, 114.4°E) at 1800UTC on 21 November. Figure
12(b) shows the horizontal distribution of HS at L-II with
the typhoon translation axis being rotated towards the top
and RMW of 14.0 km. The high values of HS are in the
right forward quadrant with a maximum HS of 16 m. This
is consistent with earlier studies (Moon et al., 2003),
which showed that the wave generation on the typhoon
center has an asymmetric distribution in four quadrants.
5.2  Directional wave spectra
Figure 13 shows the daily evolution of directional
wave spectra at L-II. The arrow indicates the wind vector
at each moment. Before 1800UTC on 20 November, the
winds (7.8 m/s) blow from northeast (45° from the north)
showing the dominant winter monsoon. The waves are
mostly generated downwind (southwestward direction)
with frequencies about 0.1–0.25 Hz (Figs. 13(a)–(e)).
From 1800UTC on 20 November to 1800UTC on 23
November, TY Muifa moved across the SCS with low
translation speed (2.9 m/s, see Fig. 3). Waves occur in
Fig. 13.  Daily evolution of directional wave spectra with QTCWPM winds at L-II (11.6°N and 114.4°E). TY Muifa was at this
location at 1800UTC on 21 November. Arrow presents QTCWPM wind speed and direction. Wind speed of 40 m/s corre-
sponds to a length of 0.15 Hz.
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almost all directions (Figs. 13(f) and (g)) with generation
of higher frequency waves up to 0.3 Hz. After the depar-
ture of TY Muifa, two evident wave packets remain in
the southwestward (90° to 145°) and northeastward (30°
to 70°) directions with frequencies around 0.1–0.25 Hz
(Figs. 13(h) and (i)).
Variation of the directional wave spectra during TY
Muifa’s passage at L-II is represented using 6-hr spectral
evolution (Fig. 14) from 1800UTC on 20 November to
1800UTC on 22 November. While the winds increase and
turn counterclockwise as TY Muifa passes by, the waves
are generated along with the turning wind directions. Prior
to the typhoon’s arrival at L-II, a wide range of waves
are generated with monsoon dominated swells in the
southwestward direction with frequencies around 0.1–0.3
Hz (Figs. 14(a)–(d)). Upon the typhoon’s arrival on
1800UTC on November 21 at L-II, two wave packets are
generated in the northeastward and southwestward direc-
tions (Fig. 14(e)). These typhoon-generated waves, espe-
cially in the opposite direction to monsoon winds (i.e.,
blowing southwestward), decay rapidly but still exist four
days after the typhoon’s departure (Fig. 13(i)).
Four points are selected around the TY Muifa’s
center with the distance of RMW (i.e., Rmax, see Table 1)
Fig. 14.  Six-hour evolution of directional wave spectra with QTCWPM winds on L-II (11.6°N and 114.4°E) from 1800UTC on
20 November to 1800UTC on 21 November. TY Muifa was at this location at 1800UTC on 21 November. Arrow presents
QTCWPM wind speed and direction. Wind speed of 40 m/s corresponds to a length of 0.15 Hz.
to investigate the effect of translation speed on the direc-
tional wave spectra: forward (F), backward (B), rightward
(R), and leftward (L) (see upper-left panel of Figs. 15 to
18). The typhoon’s center is indicated by “C”. Four points
(F, R, B, L) are marked on the circle with the RMW. The
hollow arrow indicates the typhoon’s translation veloc-
ity vector. The solid arrow is the wind vector at each lo-
cation. Consistent with the previous study (Moon et al.,
2003), the directional wave spectra at the F- and R-points
show the generation of high-frequency waves aligning
with the wind direction due to resonant effects. The wave
spectra at the L- and B-points have more complicated
structures.
6.  Factors Affecting the Wave Characteristics
Significant wave height and directional wave spec-
trum are controlled by the winds and topography. The
wind forcing (1)–(3) includes the storm track, typhoon
transmission speed, storm intensity, and monsoon winds.
The significant wave height is influenced by all these wind
factors. However, the directional wave spectrum is de-
pendent on the storm track, the resonant effect (or the
storm translation speed), and the spatial distribution of
winds, which is independent of the storm intensity. Since
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SCS has deep water and a shallow shelf and is influenced
by the steady monsoon winds, the effects of topography
and monsoon winds on the wave characteristics are unique
in the SCS, and may not be representative of the western
North Atlantic.
6.1  Typhoon translation speed
The resonant effect for a rapidly moving typhoon
with translation speed is comparable to the group speed
of dominant waves (around 10 m/s). The waves to the
right of the typhoon track are exposed to prolonged forc-
ing from the wind; that is, they become “trapped” within
the typhoon. The trapped waves become dominating swell,
propagating in the direction of the track and may over-
whelm locally generated wind waves at later times. How-
ever, TY Muifa was moving slowly most of time across
the SCS with translation speed of 2.9 to 5.8 m/s from L-
I to L-IV. For this slowly moving TY Muifa, the transla-
tion speed was too low to generate a dominant swell by
the resonant effect. The dominant swell direction is mostly
determined by the distance from RMW. Since the four
positions around the typhoon are relative to the geographi-
cal direction, the angles of local wind to environmental
wind change. The translation speed of TY Muifa at the
four locations (L-I to L-IV) is much lower than the group
velocity (10 m/s) of high waves (see Fig. 3(a)).
6.2  Wind direction







Fig. 15.  Wave characteristics at L-I (11.9°N, 117.2°E, 0000UTC
on 21 November): (a) horizontal distribution of HS and di-
rectional wave spectra at (b) typhoon center and four-way
locations around the TY Muifa center with RMW away
(c) forward, (d) backward, (e) rightward, and (f) leftward.
Note that the hollow arrow represents the typhoon transla-
tion velocity (5.8 m/s) and the solid arrows denote the winds.
Wind speed of 40 m/s corresponds to a length of 0.3 Hz.
Fig. 16.  Wave characteristics at L-II (11.6°N, 114.4°E,
1800UTC on 21 November): (a) horizontal distribution of
HS and directional wave spectra at (b) typhoon center and
four-way locations around the TY Muifa center with RMW
away (c) forward, (d) backward, (e) rightward, and (f) left-
ward. Note that the hollow arrow represents the typhoon
translation velocity (4.2 m/s) and the solid arrows denote
the maximum winds. Wind speed of 40 m/s corresponds to
a length of 0.3 Hz.
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(F, B, L, R), the directional wave spectrum is more sym-
metrical around the wind vector when the wind direction
is more likely aligned to the typhoon movement (i.e.,
positive inner product of wind vector (V) and typhoon
translation velocity (VT)),
V V• .T > ( )0 10
Such a feature does not depend on typhoon intensity and
translation speed. For example, the typhoon has the same
intensity (33 m/s) at L-1 and L-III, but has higher trans-
lation speed at L-1 (around 5.8 m/s) than at L-III (around
2.9 m/s) (Fig. 3). The directional wave spectrum is quite
symmetric for L-I and L-III when condition (10) is satis-
fied (see Figs. 15(c), 15(d), 15(f), 17(c), 17(d), and 17(f)).
On the other hand, when the wind direction is not aligned
with the typhoon translation velocity (i.e., V•VT < 0), the
directional wave spectrum is asymmetric around the wind
vector, no matter how high the typhoon intensity and
translation speed are (see Figs. 15(e), 16(e), 17(e), and
18(e)). Such an effect of wind direction on directional
wave spectrum is not evident at the typhoon center since
the winds are weak there.
6.3  Typhoon intensity
The typhoon intensity (i.e., typhoon low pressure,
p) is closely related to the maximum significant wave
height (HSmax). Hsu (2006) uses the following linear rela-
Fig. 17.  Wave characteristics at L-III (10.5°N, 112.1°E,
1800UTC on 22 November): (a) horizontal distribution of
HS and directional wave spectra at (b) typhoon center and
four-way locations around the TY Muifa center with RMW
away (c) forward, (d) backward, (e) rightward, and (f) left-
ward. Note that the hollow arrow represents the typhoon
translation velocity (2.9 m/s) and the solid arrows denote
the maximum winds. Wind speed of 40 m/s corresponds to
a length of 0.3 Hz.
Fig. 18.  Wave characteristics at L-IV (8.8°N, 108.8°E,
0600UTC on 24 November): (a) horizontal distribution of
HS and directional wave spectra at (b) typhoon center and
four-way locations around the TY Muifa center with RMW
away (c) forward, (d) backward, (e) rightward, and (f) left-
ward. Note that the hollow arrow represents the typhoon
translation velocity (4.8 m/s) and the solid arrows denote
the maximum winds. Wind speed of 40 m/s corresponds to
a length of 0.3 Hz.
a b 
c d
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tionship
H pS max = −( ) ( )0 2 1013 11. ,
to predict HSmax of a hurricane from its intensity. As center
of TY Muifa moves from L-II to L-IV, the intensity weak-
ens from 954 µPa to 987 µPa. The maximum HS is 6–7 m
larger and is located closer to the typhoon center at L-II
than at L-IV (Fig. 12), which is consistent with the em-
pirical formula (11).
6.4  Topography
Wave velocity-bottom topographic interaction is
strong in shallow water and weak in deep water. Such
interaction results in modulations in the (wave) surface
velocity, which in turns causes variations in the surface
wave spectrum. Complicated topography gives the SCS
a special role in determining the topographic effect. Lo-
cations of L-II and L-IV are chosen to identify the effect
of topography on the directional spectrum. This is be-
cause the typhoon translation speeds are similar at L-II
(4.2 m/s) and L-IV (4.8 m/s), the typhoon intensity mainly
influences the maximum HS, and the water depth is around
2600 m at L-II (deep water) and 100 m at L-IV (conti-
nental shelf). Between L-II and L-IV the simulated HS
patterns are similar for the typhoon center and six-hour
before typhoon arrival.
Among the four points around the typhoon center,
the directional wave spectra are very different at F- and
R-points but less different at other points due to stronger
winds in these two points during typhoon passage. At the
F- and R-points, strong waves are generated in all direc-
tions over deep water (L-II, Fig. 16), but only in the down-
wind direction over shallow water (L-IV, Fig. 18). At the
other points (typhoon center, L-, and B-points), strong
waves are generated in all directions (Figs. 16 and 18),
no matter deep or shallow the water. This indicates that
the topographic modulation enhances when wind in-
creases. Such a feature has not been previously discussed
in tropical cyclones moving over open oceans.
6.5  Monsoon winds
To investigate the monsoon-wind effect on the SCS
wave characteristics during TY Muifa’s passage from 17
to 25 November, we ran WW3 without the monsoon winds
(i.e., Ven = 0 in (2)) and compared to that with the monsoon
winds (Ven ≠ 0). The difference in the SCS wave charac-
teristics between the two (with the monsoon-winds
(Ven ≠ 0) minus without the monsoon-winds (Ven = 0))
shows the monsoon-wind effect. Such differences in the
maximum wind speed and HS display relatively small
values near the typhoon track and relatively large values
away from it, especially in the deep water area of the north
SCS, where high waves were produced further from the
Fig. 19.  Differences between two cases (with monsoon winds minus without monsoon winds) in: (a) maximum wind speed, and
(b) maximum HS.
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coast (Fig. 19). This indicates a fetch-limited case forced
by the steady monsoon winds.
To investigate the difference in the directional wave
spectra between using QTCWPM winds with Ven = 0 dur-
ing TY Muifa’s passage, a 6-hr spectral evolution at L-II
is presented (Fig. 20) from 1800UTC 20 November to
1800UTC 22 November. Comparing Fig. 20 to Fig. 14, it
is found that the two directional wave spectra are almost
the same from 0600UTC 21 November to 0600UTC 22
November (24-hr duration of TY Muifa over L-II), but
quite different for other time periods. Before TY Muifa’s
arrival at L-II (1800UTC 21 November), there is a high
wave energy center in the southwestward direction with
the monsoon winds (Fig. 14(a)) but none without the
monsoon winds (Fig. 20(a)). One day after the typhoon’s
departure from L-II (1800UTC 22 November), the ty-
phoon-generated waves in the southwestward direction
dispersed, and the swell energy appeared once again (Figs.
13(a) and (i)). This suggests that the monsoon-generated
swell does not decay and remains throughout the typhoon
period.
7.  Conclusions
This study has investigated the South China Sea wave
characteristics using WW3 with winter typhoon forcing.
The model was forced by a high resolution wind field,
obtained from the QuikSCAT data combined with the
tropical cyclone wind profile model. The WW3 model
was evaluated using the TOPEX/Poseidon altimetry ob-
servation during the period of Typhoon Muifa (2004).
Along the typhoon’s translation track, the core of the
maximum significant wave height (HS) was asymmetric
with higher HS and wider core on the right side than the
left. The maximum HS was about 16 m, located at the
typhoon’s minimum lowest pressure center. At a single
position, the maximum HS was always in the right-front
quadrant of the typhoon center. Consistent with the pre-
vious study (Moon et al., 2003), the directional wave spec-
tra in the forward and rightward locations show the gen-
eration of high-frequency waves aligning with the wind
direction due to resonant effects.
The typhoon’s translation speed has different effects
on the directional wave spectrum in different directions.
An increase of the translation speed enhances the sym-
metry of the directional wave spectrum around the wind
vector in the forward direction, and asymmetry of the
directional wave spectrum around the wind vector in the
other directions especially at the typhoon center, right-
ward and backward directions. At the typhoon center, high
wave energy centers occur in both forward and backward
Fig. 20.  As Fig. 15 except without monsoon winds (Ven = 0).
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directions for the slower translation speed (2.9 m/s) but
not for the more rapid translation speed (5.8 m/s).
Typhoon intensity changes the magnitude of the HS
field, but not the horizontal structure, especially the di-
rectional wave spectrum. The maximum HS is at least 6
m larger and is located closer to the typhoon’s center for
the maximum wind of 46 m/s (at L-II) compared to 26
m/s (at L-IV).
Bottom topography modulates the (wave) surface
velocity and causes variations in the surface wave spec-
trum. This modulation enhances when the wind strength-
ens. During the typhoon’s passage, bottom topography
does not affect the simulated HS patterns for the typhoon’s
center and six hours before the typhoon’s arrival, but it
does affect the simulated HS patterns six hours after the
typhoon’s departure. Bottom topography strongly affects
the directional wave spectrum at the forward and right-
ward points (stronger winds) but weakly at the other points
(weaker winds). At the forward and rightward points,
strong waves are generated in all directions over deep
water (L-II), but only in the downwind direction over
shallow water (L-IV). At the other points (typhoon center,
leftward, and backward), strong waves are generated in
all the directions no matter deep or shallow the water.
Monsoon winds weakly affect the HS field near the
typhoon’s track and strongly away from the track, espe-
cially in the deep water area of the north SCS. The steady
monsoon winds produce high waves further from the coast
(fetch-limited case).
Monsoon winds do not affect the directional wave
spectrum within a 24-hr period around the typhoon’s pas-
sage but they do affect the directional wave spectrum for
other periods. One day before TY Muifa’s arrival, there
is high wave energy center in the southwestward direc-
tion with the monsoon winds but none without the
monsoon winds. One day after the typhoon’s departure,
the typhoon-generated waves in the southwestward di-
rection dispersed, and the swell energy appeared once
again. The monsoon-generated swell does not decay and
remain through the typhoon period.
The simulated wave fields show the effects of ty-
phoon translation speed, intensity, topography, and
monsoon winds. However, it is noted that these effects
apply only to this case. Further investigation is needed,
especially observations of the wave characteristics dur-
ing a typhoon’s passage.
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